Introduction
Hurler's syndrome is an autosomal recessive connective tissue disease in which large amounts of dermatan sulfate and heparan sulfate are stored in tissues and excreted in urine [7, 13, 14, 32, 35, 36] . Cultured dermal fibroblasts from Hurler patients express this mutant genotype by accumulating excessive quantities of dermatan sulfate intracellularly [32, 33] . Although considerable data suggest that Hurler fibroblasts are defective in degradation of intracellular mucopolysaccharides [19, 20] , absence of a specific glycosidase has not been demonstrated in Hurler tissues and cultured fibroblasts although lower concentrations of L-iduronidase have been reported in cultured Hurler fibroblasts [31] . Concentrations of /3-galactosidase in fibroblasts have been reported to be normal [5] or decreased [18] . Tissue storage and urinary excretion of mucopolysaccharides by Hurler patients have recently been reviewed [15, 37] .
A common abnormality that is observed in cultured fibroblasts from patients with several diverse and seemingly unrelated diseases is a marked intracellular accumulation of acid mucopolysaccharides, as is evidenced by toluidine blue metachromasia in the cytoplasm and by biochemical analysis. In addition to mucopolysaccharidoses, in which abnormalities of polysaccharide metabolism seem fundamental to the disease process, disorders of lipid storage, cystic fibrosis, and muscular dystrophy also show metachromasia in cultured dermal fibroblasts [33] .
Electron microscopy of tissue specimens from Hurler liver [39] , skin [12] , brain [29] , and heart [28] , has revealed large cytoplasmic vacuoles, presumably lysosomes, that are thought to contain partially degraded polysaccharide. It remains important, however, to study dermal fibroblasts because of their role in biosynthesis of polysaccharide. In addition, the observation of polysaccharide accumulation in dermal fibroblasts from patients with unrelated diseases suggests that a phenomenon of broad biologic significance may be operating in fibroblasts.
Materials and Methods

Cell Culture
Specimens of skin were obtained from three patients with Hurler's syndrome and from three normal control subjects by 3-mm punch biopsies from the deltoid region [47] . Fibroblast cultures established from such samples were grown under 10% CO 2 -90% air on 60-mm plastic petri dishes [41] in modified Eagle's medium which contained 50 HIM NaHCO 3 , 0.57 HIM ascorbic acid, and 10% fetal calf serum. Cells were occasionally frozen in GIB medium [42] , which contained 20% fetal calf serum, 10% calf serum, and 10% dimethylsulfoxide, and were then stored in liquid nitrogen. Cells from second to eighth transfer cultures were inoculated with 3 X 10 3 cells/dish and fixed for electron microscopy during different phases of the culture cycle. Cell numbers were determined in hemocytometer counting chambers. Cells grown on cover slips were stained with toluidine blue to monitor cytoplasmic metachromasia [33] .
Chromosome analysis showed normal diploid karyotypes. Several independent assays for pleural pneumococcal-like organisms (PPLO) were negative. No forms resembling PPLO or virus were seen by electron microscopy in either type of fibroblast.
Phagocytosis
Cells were incubated for varying lengths of time in nutrient medium containing colloidal gold [43] . One milliliter gold suspension was diluted with 5 ml nutrient medium for use on cells. Addition of colloidal gold suspension directly to cells in conditioned medium followed by incubation gave results which were comparable to a procedure of complete removal of nutrient medium followed by replacement with fresh, unconditioned medium containing gold. After incubation, cells were fixed for electron microscopy with glutaraldehyde and osmium tetroxide as described below.
Electron Microscopy
Fibroblasts were fixed at 4° for 15 min in situ with 3% glutaraldehyde in 0.08 M sodium cacodylate buffer (pH 7.2) that contained 109.8 mM NaCl, 5.36 mM KC1, 0.88 mM MgSO 4 , and 2.39 mM CaCl,. The cell layer was rinsed three times with cold cacodylate buffer and treated in situ with 1% osmium tetroxide in the same buffer for 60 min at 4°. The cells were then removed from the plastic substratum with a rubber policeman and immobilized in random orientations in an agar gel [24] . Fragments of such gels were occasionally stained en bloc at 4° for 18 hr with 2% aqueous uranyl acetate. Gels were dehydrated in ethanol and embedded in Vestopal W. Blocks were sectioned with glass knives on an ultramicrotome [44] . Silver sections, mounted on carbon-coated Formvar films on copper grids, were stained with aqueous uranyl acetate alone, or they were doubly stained with uranyl acetate followed by basic lead citrate [38] . Sections were examined in a Siemens 101, or occasionally a Siemens 1A, electron microscope [45] . Each microscope was equipped with a liquid nitrogen decontamination device, single crystal pointed filaments, and 50/x-objective apertures at accelerating voltages of 80 or 100 kv.
Enzyme Activity
In Situ. Aryl sulfatase B activity was localized by light and electron microscopy. Cells, attached to petri dishes and cover slips, were fixed with glutaraldehyde as described above and then incubated with />-nitrocatechol sulfate for 90 and 135 min for electron microscopy or 90, 135, and 180 min for light microscopy [1, 22] . Substrate was omitted from control incubations.
Acid phosphatase activity was localized by light microscopy after fixation in calcium-formol solution [2] , and by electron microscopy after the glutaraldehyde fixation step described above. The azo dye technique [2] (with naphthol AS-TR phosphate as substrate) and the Gomori procedure [2] (with ^3-glycerophosphate as substrate) were used to demonstrate activity by light microscopy after 30-, 60-, and 90-min incubation. The same Gomori procedure [34] was also employed to demonstrate activity by electron microscopy after 12-and 30-min incubation. Substrate was omitted from control incubations.
Cell Sonicates. Approximately 4 x 10 T normal and
Hurler fibroblasts (21 days, late logarithmic growth phase) were scraped from dishes with rubber policemen, centrifuged, and rinsed once in phosphate-buffered saline. Pellets were resuspended in 2 volumes of 0.2 M sucrose, sonicated for 2 min at 0° [46] , and assayed for enzyme activity in the presence of 0.1% Triton X-100. Acid phosphatase and aryl sulfatase B activities were assayed by the method of Bowers et al. [6] , and protein was measured by the method of Lowry et al. [30] .
Results
Control experiments indicate that the fixation method satisfactorily preserved cellular fine structure. Other methods of fixation were less satisfactory; they included Karnovsky's fixative [26] , glutaraldehyde in nutrient medium or in cacodylate buffer with glucose, and mixtures of glutaraldehyde and osmium tetroxide [24] . None of these methods obscured the salient differences between normal and Hurler fibroblasts.
Effect of Time in Culture on Cellular Ultrastruclure
In no stage of the culture cycle studied did the cytoplasm of normal cells display metachromatic granules, but that of Hurler fibroblasts always contained such structures. Increase in cell number with time for both types of cells is shown in Figure 1 . Hurler fibroblasts grew at a slightly slower rate than did normal cells, but they reached a cell density during the saturation phase which was equal to that of normal fibroblasts. The ultrastructure of cells in the logarithmic phase of growth (7 and 21 days) was indistinguishable from that of cells in the saturation phase (35 days). Cultures older than 49 days were not examined. We observed no drastic changes in the proportions of free and attached ribosomes during the different phases of growth. These observations thus seem to contradict those of Goldberg and Green [21] of mouse fibroblasts in vitro and those of Comings and Okada [9] of trypsinized human fibroblasts in vitro; in both studies, less rough endoplasmic reticulum was found in logarithmic phase than in saturation phase.
Normal fibroblasts could be consistently distinguished from Hurler cells during any stage of the culture cycle by the criteria of vacuole number and Golgi morphology (described below). Furthermore, the same conclusions were valid when cells from third to ninth transfer cultures were used as inoculum for a culture cycle experiment. Senescent, nongrowing cells, i.e., older than the ninth transfer, were not examined. In- asmuch as the transfer number of a culture is roughly proportional to the total number of mean population doublings in vitro, we conclude that differences in cell density, time in vitro since the last trypsinization, and the number of population doublings in vitro were not associated with alterations in cellular ultrastructure within the limits of these experiments. The greatest differences observed in cell morphology, therefore, derived from the Hurler mutation.
Morphologic Differences between Normal and Hurler Fibroblasts
The cytoplasm of typical normal fibroblasts (Fig. 2 ) contained only about one-tenth as many vacuoles as did typical Hurler fibroblasts (Fig. 3) . (The term "vacuole" is used here in a purely descriptive sense and signifies a generally spherical area limited by a single unit membrane. This term implies no association or lack of association with lysosomal activity.) However, approximately 1-5% of normal fibroblasts had as many large vacuoles as did Hurler cells (Fig. 2) . With the fixation techniques used, many vacuoles in Hurler cells appeared empty except for a fine reticular network in the central space and some heterogeneous material along one side. Other vacuoles, however, contained material of increasing degrees of electron density evenly distributed as a granular matrix (Fig. 4) . Cytoplasmic vacuoles present in normal fibroblasts were few in number, but they were comparable to those of Hurler fibroblasts in size, distribution, variety of contents, and morphology.
Residual bodies, showing myelin-like arrangements, were present in many of the vacuoles of both normal and Hurler cells. Their total number per cell seemed to be greater in Hurler cells, however, perhaps in proportion to the greater number of vacuoles. After uranyl acetate staining, the bodies were generally opaque, but, with thinner sections and higher accelerating voltages, the typical layering of the component membranes was evident (Fig. 5) . Residual bodies were enclosed in unit membrane-limited vacuoles. None was observed outside cells or in association with the plasma membrane. The shape of these structures was variable. Frequently they consisted of spheres of concentric membranous layers arranged around an electron-transparent core, but they were also present within vacuoles as stacks of membranous lamellae apposed to the vacuolar membrane (Fig. 5) .
In Hurler fibroblasts there seemed to be a connection between the Golgi apparatus and enlarged cytoplasmic sacs (Fig. 6, arrows) . Although the Golgi apparatus in normal fibroblasts seemed to give rise mainly to small vesicles (Fig. 7) , that of Hurler fibroblasts was more frequently associated with dilated sacs of smooth endoplasmic reticulum (Fig. 6 ). These dilatations occurred more frequently at the tips or edges of the Golgi lamellae than in the central regions. To determine the significance of this observation, an attempt was made to compare the numbers of normal cells and Hurler cells which had dilated Golgi sacs. Only photomicrographs showing definitive Golgi areas were scored, and no two photomicrographs were of the same cell. Nondilated Golgi lamellae in normal cells are seen in Figures 2 and 7 . Nondilated Golgi lamellae in Hurler cells are seen in Figure 4 (inset). Of 66 photomicrographs of normal cells, only 3 (5%) showed dilated Golgi lamellae. However, of 51 similar photomicrographs of Hurler cells, 21 (41%) showed dilated Golgi lamellae.
The Golgi apparatus in both normal and Hurler cells occasionally displayed a lamellate, cuplike morphology in cross section (Fig. 6, inset ) (see also [17] ), but more frequently the lamellar sacs were spread out in flattened arrays (Figs. 2 and 4, inset) . In such cases it was difficult to distinguish the secretory face of the Golgi apparatus from the forming face, and we could not discern with which face the dilated sacs were associated.
In the region of the Golgi apparatus of the Hurler cells, there was, in addition to the dilated sacs described above, a variety of sacs or vacuoles containing material of varied granularity and electron density. The less electron-dense vacuoles seemed to be more frequently spherical. These observations may indicate that at least some of the characteristic, large cytoplasmic vacuoles of Hurler cells arise in the area of the Golgi apparatus.
Enzyme Activity
In Situ. To determine whether any of the vacuoles observed in normal cells were lysosomes, an attempt was made to demonstrate acid hydrolase activity in situ. By the techniques of ultrastructural histochemistry described previously, aryl sulfatase B activity was localized in some, but not all, of the infrequent, large vacuoles and residual bodies of normal cells. By light microscopy, normal fibroblasts contained reaction product at all incubation times. Controls had no reaction product.
Acid phosphatase activity was limited to some, but not all, of the infrequent, large vacuoles and residual bodies of normal cells. By both the Gomori technique and the azo dye procedure, light microscopy showed that normal fibroblasts contained reaction product at all incubation times. Controls for all techniques had no reaction product.
Neither of the above enzymes could be demonstrated histochemically in Hurler vacuoles.
Cell Sonicates. Aryl sulfatase B and acid phosphatase in total cell sonicates were assayed biochemically in order to quantitate the relative levels of enzyme activities in normal and Hurler fibroblasts. These assays indicated that activities of both enzymes were comparable in the two types of fibroblasts (Table I) .
Phagocytosis
Normal and Hurler fibroblasts were incubated in nutrient medium containing colloidal gold. Particles of gold were observed in both types of cells after 12-hr incubation and were readily evident after 24 hr. No particles were observed after incubations of 30 min, 1 hr, and 2 hr. Colloidal gold did not seem to be toxic for at least 4 days of incubation. A Hurler fibroblast incubated for 24 hr with colloidal gold is shown in Figure 8 . Gold particles were contained within some, but not all, of the vacuoles and residual bodies in both normal and Hurler cells. They were never seen in the small, smooth-surfaced vesicles described below, but were seen in one case within a coated vesicle.
Because not all vacuoles showed enzyme activity or contained gold particles, it was possible that two separate populations of vacuoles were present. Fibroblasts were incubated with gold for 24 hr, fixed, and then incubated for acid phosphatase activity as previously described. These experiments indicated that gold particles could be sequestered in the same vacuoles in which acid phosphatase activity was present. Thus, material ingested by phagocytosis, in normal fibroblasts at least, may be transported to active secondary lysosomes. This experiment was not done with Hurler fibroblasts because of the difficulty in demonstrating enzyme activity histochemically in these cells. The inability to demonstrate acid phosphatase and aryl sulfatase B activities histochemically in Hurler fibroblasts, under the same conditions which allowed such demonstration in normal fibroblasts, is not understood at present. 
Cytoplasmic Structures Common to Normal and Hurler Fibroblasts
Cytoplasmic filaments were regularly seen in the ground substance of both types of fibroblasts. Microtubules were observed only in association with the basal bodies of cilia. Cilia were regularly seen in both types of cells although their frequency was not measured.
Along the plasma membrane of both normal and Hurler cells were smooth-surfaced and coated vesicles (Figs. 4 and 7) . The number of coated vesicles observed was only approximately 5% of the number of smoothsurfaced vesicles. Smooth-surfaced vesicles were somewhat ellipsoid in shape when seen in longitudinal section, and they appeared to be attached to the plasma membrane in large numbers in such a way that the vesicle interiors were continuous with the extracellular space. When seen in tangential section, they were arranged in clusters. We did not observe structures which suggested extensive fusion among these smoothsurfaced vesicles or with larger vesicles. Vesicles similar to the smooth vesicles at the plasma membrane were seen in association with the Golgi apparatus. The coated and the smooth-surfaced type vesicles seen in Hurler fibroblasts appeared indistinguishable from those in normal fibroblasts.
Discussion
Recently published results of three ultrastructural studies of Hurler or Hunter fibroblasts present certain inconsistencies. Bartman and Blanc [3] believe that the large cytoplasmic vacuoles observed in Hurler fibroblasts may arise directly from dilated rough endoplasmic reticulum. No mention was made of the Golgi apparatus. DeCloux and Friederici [12] examined Hurler dermal fibroblasts in biopsies of skin but could not determine the source of the large cytoplasmic vacuoles. They postulated that the vacuoles probably originated from the Golgi apparatus. Because, in this work, dilated rough endoplasmic reticulum in the region of the Golgi apparatus occurred in both normal and Hurler cells, this phenomenon is probably not characteristic of the Hurler phenotype. Abnormalities of mitochondria reported in Hurler [12] and Hunter [16] fibroblasts were not observed by us in Hurler fibroblasts.
Data derived from toluidine blue staining [10, 11] and from biochemical analyses [32, 33] demonstrate that dermal fibroblasts derived from Hurler individuals accumulate polysaccharides in their cytoplasm. Three possible explanations have been proposed: (1) oversynthesis [32] , (2) faulty degradation [19] , and (3) defective secretion [32] . On the basis of similarity to other storage diseases and other evidence, faulty degradation seems to be the most likely explanation, but it has not yet been finally established [14] .
The presence of large numbers of single membranelimited vacuoles in the cytoplasm of Hurler cells indicates a similarity to other storage diseases [4, 23, 25, 40] . The fact that the interiors of these vacuoles are generally of low electron density suggests that material originally present may have been lost during fixation. Removal of protein from the acid mucopolysaccharide-protein complexes by lysosomal proteases would account for these findings and would be consistent with the report of Fratantoni et al. [19] that the intracellular mucopolysaccharide is of lower molecular weight than that excreted into the medium.
The idea that the spherical structures of normal and Hurler cells may indeed be secondary lysosomes is supported by their uptake of gold particles and the presence of myelin-like figures. The presumed secondary lysosomes of Hurler fibroblasts seem to differ from the demonstrated secondary lysosomes of normal cells in number, but not in range of sizes or morphologies. Histochemical experiments with Hurler fibroblasts showed an almost complete absence of both acid phosphatase and aryl sulfatase B activities. Inasmuch as the biochemical data for these enzymes (Table I) suggest equal activities in normal and Hurler cells, further study is required to explain the anomalous histochemical data for Hurler cells.
Of possible interest in our studies was the observation of dilated Golgi cisternae in Hurler fibroblasts. Their relation to the large cytoplasmic vacuoles, i.e., secondary lysosomes, is of importance. If one considers the origin of the increased number of large, secondary lysosomes in Hurler fibroblasts, several possibilities are apparent.
1. Both normal and Hurler fibroblasts not only synthesize protein-polysaccharide but they also engage in phagocytosis. To some degree, therefore, they ingest their own extracellular secretion products. If Hurler fibroblasts ingested such material more quickly than it could be degraded, polysaccharide accumulation might result. If the rates of phagocytosis were approximately equal, accumulation would occur if Hurler lysosomes were defective. The rates of phagocytosis and pinocytosis in the two types of fibroblasts should be compared. [19] suggested that a portion of the mucopolysaccharide-protein complex normally synthesized is destined for intracellular degradation. It is proposed that a faulty degradation mechanism is responsible for the accumulation of acid mucopolysaccharides in Hurler's disease. This hypothesis, like the first one, requires the demonstration of a defective lysosomal enzyme in Hurler cells.
Fratantoni et al.
It has been demonstrated that cultured fibroblasts secrete protein factors, perhaps lysosomal enzymes, directly into the nutrient medium. These factors, upon uptake by or contact with fibroblasts of a different genotype, can lead to cessation of polysaccharide accumulation in one or both populations of cells, a phenomenon of cellular complementation [8, 20, 27] . Our study shows that large molecular weight material such as colloidal gold or protein factors can be taken into Hurler cells and sequestered in the secondary lysosomes, the presumed site of polysaccharide accumulation. If the protein factors are indeed lysosomal enzymes, the way in which they cause cessation of polysaccharide accumulation is direct and obvious.
3. Polysaccharide might accumulate in Hurler fibroblasts if phagocytosis, biosynthesis, and turnover were normal, while the process of secretion was faulty. Two lines of evidence suggest that faulty secretion is not involved in the Hurler syndrome. First, kinetic data suggest that the rate of excretion from Hurler cells is the same as that in normal cells. Second, the alteration or absence of a single lysosomal enzyme, e.g., L-iduronidase, would constitute a simpler explanation of polysaccharide accumulation. Nevertheless, the data collected in the present study suggest greater dilatation of the Golgi sacs in Hurler than in normal cells, which is perhaps simply a reflection of their involvement in the production of the large lysosomes filled with polysaccharide.
Although conclusive evidence awaits detailed analysis of both purified lysosomes and Golgi vesicles, the dilatation of the Golgi cisternae and the aberrant histochemical characteristics of the Hurler lysosomes suggested by our study are factors to be considered in the pathogenesis of Hurler's syndrome.
Summary
The ultrastructures of dermal fibroblasts from normal humans and from patients with Hurler's syndrome were compared. Differences in cell density, time in vitro following the last trypsinization, and the number of population doublings in vitro were not associated with alterations in ultrastructure. The greatest differences in cellular ultrastructure arose from the Hurler mutation. Hurler cells consistently contained granules which stained metachromatically with toluidine blue, but normal cells rarely contained such granules. At all stages of the culture cycle, Hurler fibroblasts displayed many more large cytoplasmic vacuoles than did normal cells.
Aryl sulfatase B activity and acid phosphatase activity were demonstrated histochemically in the infrequent, large cytoplasmic vacuoles and residual bodies of normal fibroblasts, but both activities were absent from histochemical preparations of Hurler cells. Enzymic analysis of both normal and Hurler fibroblasts, however, showed that aryl sulfatase B and acid phosphatase had comparable activities per milligram protein. After 12-hr incubation with colloidal gold, particles were taken into normal and Hurler fibroblasts by phagocytosis and sequestered in the vacuoles and residual bodies. We conclude that the vacuoles seen in normal and Hurler fibroblasts are secondary lysosomes because they contain material of both extracellular and intracellular origin.
In addition to the large cytoplasmic vacuoles, Hurler fibroblasts also appeared to have more dilated cisternae of the Golgi apparatus than did normal cells. In both types of cells, the Golgi apparatus was associated with many small, smooth-surfaced vesicles, but in Hurler cells it also appeared to give rise to at least some of the large vacuoles.
